Abstract Safflower (Carthamus tinctorius L.) DNA marker resources are currently very limited. The objective of this study was to determine the feasibility of transferring non-genic microsatellite (SSR) markers and gene-based markers, including intron fragment length polymorphism (IFLP) and resistance gene candidates (RGC)-based markers from sunflower (Helianthus annuus L.) to safflower, both species belonging to the Asteraceae family. Cross-species amplification of 119 non-genic SSRs, 48 IFLPs, and 19 RGC-based sunflower markers in 22 lines and germplasm accessions of safflower was evaluated. Additionally, 69 EST-SSR markers previously reported to amplify in safflower were tested. The results showed that 17.6% of the non-genic SSR, 56.2% of the IFLP, and 73.7% of the RGC-based markers were transferable to safflower. The percentage of transferable markers showing polymorphic loci was 66.6% for non-genic SSR, 70.6% for EST-SSR, 55.5% for IFLP, and 71.4% for RGC-based markers. The highest polymorphism levels were found for non-genic SSR. The average number of alleles per polymorphic locus and mean heterozygosity values were 2.9 and 0.46, respectively, for non-genic SSR, 2.2 and 0.35 for EST-SSR, 2.1 and 0.24 for IFLP, and 2.0 and 0.34 for RGCbased markers. The results of this study revealed a low rate of transferability for non-genic SSR sunflower markers and a better rate of transferability for IFLP and RGC-based markers. Transferable genic and nongenic sunflower markers can have utility for trait and comparative mapping studies in safflower.
Introduction
Safflower is a minor crop currently regarded as a promising alternative for oilseed production in many areas of the world. Its adaptation to a wide range of environments, the development of hybrids with larger seed and oil yields, and the production of oil types highly demanded by industry are important factors that are contributing to this promising position (Mündel and Bergman 2008) .
Nowadays, breeding programs on the major oilseed crops are based to a large extent on the development and use of molecular tools. However, DNA marker resources available to safflower breeders are very limited. The main molecular markers currently being used in safflower are RAPDs (random amplified polymorphic DNA), ISSRs (intersimple sequence repeats), and AFLPs (amplified fragment length polymorphism). These are the markers of choice for crops with inadequate genomic resources, since they do not require previous sequence information, and they have been used mainly for assessing genetic diversity in this species (Sujatha 2008) . The development of more robust markers, such as microsatellites and gene-based markers has not been faced at a large scale in safflower, mainly due to the absence of large public or private research programmes on this crop. Alternatively, several studies have shown the feasibility of transferring these types of molecular markers between phylogenetically related plant species, for example in cereals (Kuleung et al. 2004) , legumes (Peakall et al. 1998) , and Cruciferae (Plieske and Struss 2001) .
Vast genomic resources are currently available for several Asteraceae species, including sunflower (The Compositae Genome Project, http://compgenomics.uc davis.edu/), the closest oilseed crop to safflower. Sunflower genomic resources might be of great value for safflower breeding if they prove to be transferable. Within this general goal, the objective of the present study was to determine the feasibility of transferring non-genic microsatellite (SSR) markers and gene-based markers, including intron fragment length polymorphism (IFLP) markers and resistance gene candidates (RGC)-based markers, from sunflower to safflower. Marker informativeness for the transferable non-genic SSR, IFLP, and RCG-based markers and an additional set of genic SSR sunflower markers developed from expressed sequence tags (ESTs) was also evaluated.
Materials and methods
To evaluate the transferability of sunflower SSR and gene-based markers, a total of 22 safflower lines and germplasm accessions were used. These included the cultivars and breeding lines CL1, IASC-1, CR-6, CR-9, CR-142, CR-50, CR-58, CR-69, CR-34, CR-81, and Rancho Fernández-Martínez 2000, 2004; Velasco et al. 2005) , and the germplasm accessions PI-259994, PI-401584, PI-537598, PI-537607, PI-537637, PI-537643, PI-534657, PI-537695, PI-537 707, PI-560166, and PI-572471. Germplasm accessions were provided by the Western Regional Plant Introduction Station of the US Department of Agriculture. The sunflower lines P-21, P-96, and R-96 (Jan 1992; Fernández-Martínez et al. 2004 ) were used as a positive control. For DNA extraction, two fully expanded leaves were cut from five plants of each line and frozen at -808C. The leaf tissue was lyophilized and ground to a fine powder in a laboratory mill. DNA was isolated from ground leaf tissue from two individual plants per line using a modified version of the protocol described by Rogers and Bendich (1985) .
The following sets of molecular markers developed in sunflower were used to evaluate marker transferability to safflower: (a) A set of 119 non-genic SSR sunflower markers selected from its public map (Tang et al. 2002; ORS markers) , (b) a set of 48 IFLP sunflower markers based on previously developed cDNA-RFLP probes (Yu et al. 2003; ZVG markers) , and (c) a set of 19 RGC markers, based on recognitiondependent disease resistance genes encoding nucleotide binding site (NBS) leucine-rich repeat (LRR) proteins (Radwan et al. 2008 ; RGC markers). Additionally, a set of 69 sunflower EST-SSR (genic SSR) markers previously reported to amplify alleles in one safflower accession ) was tested. Details of the SSR, IFLP, and RGC marker sets used are provided in supplementary Table 1 .
All markers were initially screened in a smaller set of samples (six safflower DNA samples from three lines, and two sunflower DNA samples from two lines) using PCR conditions described for the source species (sunflower). PCR reactions were performed in a final volume of 30 ll containing 19 PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs (Invitrogen, San Diego, CA, USA), 0.3 lM of primers, 0.7 U of Taq DNA polymerase (BioTaqTM DNA Polymerase, Bioline, London, UK), and 50 ng of template DNA. Amplifications were run on a GeneAmp PCR System 9700 (Applied Bosystems, Foster City, CA, USA). For SSR markers, amplification conditions were: initial denaturation at 948C for 2 min, followed by 1 cycle of 948C for 30 s, annealing temperature (T a ) recommended for the source-species SSR amplification ?108C for 30 s, and 728C for 30 s; during each of the nine following cycles the annealing temperature was decreased 18C per cycle, at which time the products were amplified for 32 cycles at 948C for 30 s, T a for 30 s, and 728C for 30 s with a final extension of 20 min at 728C. For IFLP and RGC markers the amplification conditions were: initial denaturation at 948C for 3 min, followed by 34 cycles of 948C for 30 s, T a recommended for the source-species IFLP and RGC amplification for 45 s, and 728C for 1 min; with a final extension of 7 min at 728C. The amplification products were resolved on 3% Metaphor (BMA, Rockland, ME) and/or on 1.5% agarose gels in 19 TBE buffer with ethidium bromide incorporated in the gel. For those markers that showed very weak amplification products, PCR conditions were optimized by adjusting reaction mixtures to varying concentrations of MgCl 2 (1.5, 2, 2.5, and 3 mM), primers (0.4, 0.8, and 1.2 lM), Taq DNA polymerase (1 unit), and DNA (100 ng), and by lowering the annealing temperature between 3 and 58C and/or using a non-touchdown PCR program. Once PCR mixture and amplification conditions were optimized, those sunflower markers showing amplification in safflower were tested in a larger set of samples, which included the above-mentioned 22 safflower and two sunflower lines.
To evaluate the transferability of the SSR, IFLP and RGC-based markers, the amplification products observed in safflower were classified into four classes based on the band intensity and ease of scoring: strong signal and easy score (???); moderate signal but able to score (??); weak signal and difficult to score (?); and no signal (-) ( Table 1) . Markers classified as ??? and ?? were considered as transferable.
For each transferable marker, the specificity of the amplification was determined by comparing the band size of the safflower products to that of the sunflower products. The amplified fragments were classified as specific when they produced intense amplification products with a similar size (within 100 bp) to that of sunflower. Additionally, the total number of loci, the number of polymorphic loci, and the number of specific polymorphic loci were recorded for each transferable marker. Two measures of marker informative values were calculated: (i) observed number of alleles per locus, and (ii) heterozygosity. Heterozygosity (H) at each microsatellite locus was estimated according to the formula H = 1 -R p i 2 , where p i is the frequency of the ith allele (Nei 1978). In most cases, transferable markers showed specific loci, i.e., their amplification products in safflower were of similar size (within ±100 bp) to those in sunflower. The percentage of transferable markers showing specific loci was 100% for non-genic SSR, 79.4% for genic SSR, 85.2% for IFLP, and 85.7% for RGCbased markers (Table 2) . Multiple products were observed in the four marker types, mainly in IFLP Table 2) . More than half of the transferable markers showed at least one polymorphic locus (Table 2) . However, the number of alleles per polymorphic locus was in general low in the four marker types, averaging 2.92 for non-genic SSR, 2.25 for genic SSR, 2.06 for IFLP, and 2.00 for RGC markers (Table 2) . Heterozygosities for the non-genic SSR, genic SSR, IFLP, and RGC markers averaged 0.46, 0.35, 0.26, and 0.34, respectively (Table 2 ). Polymorphism details for every marker are indicated in supplementary Table 1 .
Results
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Discussion
Cross-amplification of molecular markers across plant species typically increase as phylogenetic distances decrease (Peakall et al. 1998; Rossetto 2001) . For example, the range of cross-species amplification of soybean (Glycine max) SSRs among genera within the Fabaceae family has been reported to be between 3 and 13%, compared to 65% within species of the Glycine genus (Peakall et al. 1998) . In this study, we obtained a transferability value for non-genic SSR markers of 17.2%, which is similar to those previously reported for cross-species amplification among different genera in other plant families (Peakall et al. 1998; Kuleung et al. 2004) . The low transferability value suggests that the regions flanking the repeats were not highly conserved. An overall lack of conservation of SSR primer sequences in the Asteraceae family has been reported by Whitton et al. (1997) in the analysis of a set of SSR loci in 26 species representing eight divergent tribes of this family.
Transferability of sunflower markers to safflower was considerably improved by using markers based on genes (IFLP and RGC-based markers). Higher levels of transferability of genic markers as compared to non-genic markers reflect the conserved nature of coding sequences compared to non-coding genomic DNA (Varshney et al. 2005) . Similar results have been obtained in other studies in different plant species in which transferability of non-genic SSR and EST-derived SSR has been evaluated. Thus, Gutierrez et al. (2005) found that transferability of ESTderived SSR was twofold higher than that of nongenic SSR in different genus within the Fabaceae family. Pashley et al. (2006) reported that ESTderived SSR were three times more transferable across species of the genus Helianthus than anonymous SSR. Conversely, Heesacker et al. (2008) found no differences between genic and non-genic sunflower SSR markers when amplified across species of the genus Helianthus.
Studies on the transferability of molecular markers to safflower have been scarce. Heesacker et al. (2008) evaluated the transferability of sunflower genic markers (EST-derived SSR and EST-INDEL markers). They found that only 14.8% of the markers amplified alleles in one safflower accession. This percentage is similar to that obtained in the present research for non-genic SSR (17.2%) and much lower Although there are no previous reports about the degree of polymorphism in safflower of non-genic SSR markers or IFLP and RGC-based markers, other marker systems such as RAPDs, AFLPs or ISSRs have shown higher levels of polymorphism that those obtained in the present study for non-genic SSR, IFLP and RGC-based transferable markers (Johnson et al. 2007; Yang et al. 2007; Amini et al. 2008) . For the genic-SSR marker system, Chapman et al. (2009) reported also higher levels of polymorphism than those found in the present study. Several studies have shown that the transference of markers from one species to another produces a reduction of polymorphism and allelic diversity, which is more pronounced when the transference occurs between phylogenetically distant species (Peakall et al. 1998; Decroocq et al. 2003) .
The results of the present research revealed a limited utility of transferring non-genic SSR markers from sunflower to safflower, which agrees with the results of Heesacker et al. (2008) for EST-SSR and EST-INDEL markers. Conversely, other sunflower genic markers such as IFLP and RGC-based markers demonstrated to be more transferable and they constitute a valuable source for increasing marker resources available for safflower molecular studies.
